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We show that importin b3 is essential for the nuclear import of L7. The import is mediated via the
multifaceted basic amino acid clusters present in the NH2-region of L7, and is RanGTP-dependent.
Using a (EGFP)3 reporter system and a FRAP assay, the role the individual clusters play as a func-
tional NLS has been characterized, and each cluster was found to exhibit a different rate of real time
nuclear uptake. We assume that having such a multiple NLS may provide L7 with preferential
nuclear uptake.
Structured summary:
MINT-7992735: Importin beta-3 (uniprotkb:O00410) binds (MI:0407) to L7 (uniprotkb:P18124) by bio-
physical (MI:0013)
MINT-7992687: L7 (uniprotkb:P18124) binds (MI:0407) to Importin beta-3 (uniprotkb:O00410) by ﬁlter
binding (MI:0049)
MINT-7992699: L7 (uniprotkb:P18124) physically interacts (MI:0915) with Importin beta-3 (uni-
protkb:O00410) by afﬁnity chromatography technology (MI:0004)
MINT-7992718: L7 (uniprotkb:P18124) physically interacts (MI:0915) with RAN (uniprotkb:P62826) by
competition binding (MI:0405)
MINT-7992671: L7 (uniprotkb:P18124) physically interacts (MI:0915) with Importin beta-3 (uni-
protkb:O00410) by pull down (MI:0096)
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Biosynthesis of ribosomes requires highly efﬁcient nuclear im-
port of ribosomal proteins. The sequence of human large ribo-
somal protein L7 carries multiple nuclear localization signals
(NLS) [1,2], which are responsible for the nuclear import of L7
and are required for ribosomal synthesis [2]. Interestingly, the
same region has also been reported to be the primary target of
auto-antibodies that are often elicited in nuclear-related auto-
immunity disease [3,4]. Moreover, the L7 gene has been fre-
quently reported to be up-regulated in cancer cells such as Jurkat
T-lymphoma [5], cervical cancer cells [6] and neoplastic colorectal
cancer cells [7]. Moreover, L7 has been considered to be a regula-
tor of cell proliferation [5,8] as well as a cold-responsive gene [9].chemical Societies. Published by E
ciences, National Yang-Ming
6 02 2826 4930.In addition, L7 also displays an ER binding property [10]. Consid-
ering the versatile roles that L7 plays in the cell, how L7 under-
goes nuclear import, thereby participating in ribosome assembly
to maintain cell homeostasis, is an important issue. For this rea-
son, the present study aims to characterize how L7 gains nuclear
entry, including identiﬁcation of the responsible carrier protein
for L7 as well as elucidation of the roles of RanGTP and those
of the basic clusters.2. Materials and methods
2.1. Plasmids and protein puriﬁcation
Plasmids carrying the genes for L7, N54 and mutants of DN1,
DN1+2 and DN1+2+3 have been described previously [2]. Plasmids
containing the individual basic clusters linked to (EGFP)3 were
individually cloned into a CMV-driven eukaryotic expression
vector. Plasmid pET28a/Impb3 containing the human importin b3lsevier B.V. All rights reserved.
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library.
The pET28a plasmids were expressed in Escherchia coli BL21
cells and the recombinant protein puriﬁed using Ni++-afﬁnity
chromatography.Fig. 1. The characterization of importin b3. (A) The preparation of GST-fused N54. SDS
identiﬁed by Western blotting using anti-b3 antibody. (C) The preparation of recombin
overlay assay. SDS–PAGE analysis of L7 and its mutant proteins (a); probed by recombinan
(E) The effect of RanGTP. Unbound importin b3 from chromatographic competition was2.2. GST-pull down assay
GST-conjugated N54 protein was prepared by expressing
pGEX-4T-1/N54, encoding N54, with a thrombin-cleavable GST
tag in E. coli BL21 cells. GST-N54 protein was puriﬁed using–PAGE (I); Western blot using anti-GST antibody (II). (B) GST-pull down products
ant importin b3. SDS–PAGE (I); Western blot using anti-b3 antibody (II). (D) The
t [35S]-importin b3 (b). Human small ribosomal protein S20 was used as the control.
identiﬁed using anti-b3 antibody.
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and 10 mM glutathione.
HeLa cell lysate was used for the GST-pull down assay. The pull-
down products were analyzed using SDS–PAGE and Western blot-
ting with an anti-human importin b3 (anti-b3) antibody (Santa
Cruz Co. USA).
2.3. Overlay assay with importin b3
The overlay assay [11] was carried out in buffer (20 mM HEPES
pH 7.5, 110 mM KOAc, 2 mM MgCl2, 0.1% Tween 20 and 5% BSA)
using in vivo-labeled [35S]-importin b3 probe.
2.4. RanGTP release experiments
The RanGTP release experiments were carried out using the
procedure of Chang and Tarn [12] with the Q69L mutant form of
Ran protein (a kind gift from Dr. W.-Y. Tarn, Academia Sinica, Tai-
wan). Bound and unbound products from chromatograph competi-
tion with RanGTP or RanGDP were identiﬁed byWestern blot using
anti-b3 antibody.
2.5. Kinetic binding assay using an IAsys biosensor
The kinetic binding assay was carried out using a resonant mir-
ror biosensor (IAsys; Afﬁnity Sensors, Cambridge, UK) according to
the manufacturer’s instructions. The binding and dissociation
events were measured as the arc second response in resonance an-
gle arising as protein in free solution bound to or dissociated from
the immobilized importin b3. The association and dissociation rate
constants, kass and kdiss, were calculated using non-linear curve-ﬁt-
ting FASTﬁt software (Afﬁnity Sensors). The dissociation constant,
KD, was calculated as kdiss/kass.
2.6. Nuclear import assay in digitonin-treated cells
Fluorescently labeled recombinant L7 was prepared by chemi-
cally conjugating L7 with the ﬂuorescent dye Alexa 555 (Invitrogen
Co.).
The preparation of permeabilized cells and the import assay
were carried out as previously described [13]. The cells were incu-
bated at room temperature for 15 min with 24 ll of import mix-
ture containing excess Alexa 555-conjugated L7 with or without
recombinant importin b3 in an energy regenerating cocktail [13].
After washing, the cells were observed under a confocal
microscopy.Fig. 2. The kinetics of importin b3 binds L7 determined by IAsys biosensor. (A) The concen
plot of kon against ligand L7 concentration (r = 0.96). The derived KD value is 1.49  10The importin b3-depleted lysate was prepared by incubating
500 ll lysate (5  106 HeLa cells) with anti-b3 antibody (50 lg)
for 30 min at room temperature. The reacted antibodies were re-
moved using protein A beads (Millipore Co.).
2.7. Effect of importin b3 silencing
The siRNA knock-down procedure was carried out as previously
described [14]. The knock-down efﬁciency was checked at 48, 72
and 96 h post-transfection by Western blot using an anti-b3
antibody.
Cells at 72 h post siRNA-treatment were transfected with plas-
mids carrying genes that encoded different basic cluster-(EGFP)3
cargo protein, and the cellular distribution of the (EGFP)3 cargo
protein was observed at 24 h post-transfection.
2.8. Fluorescence recovery after photobleaching (FRAP) assay
The procedure for the FRAP experiments was similar to Daele-
mans et al. [15] with minor modiﬁcations. Transfected cells were
grown on a special microwell dish (MatTek Co.) which was directly
mounted onto a confocal microscope equipped with a warm stage
for live observation at 37 C. The complete area of the nucleus in a
cell was photobleached; bleaching was completed in 2 min, and
recovery images were acquired at a rate of one frame every 20 s
for 12 min. Next, a deﬁned ﬁeld of view in the bleached area was
scanned every frame, and used for the subsequent calculations.
All FRAP experiments were carried out on cells at 8 h post-
transfection.
The recovery rate of each (EGFP)3 chimeric cargo was quantiﬁed
by assessing when the recovery ﬂuorescent intensity reached 10%
of the original intensity, termed t10%.
3. Results and discussion
3.1. Importin b3 is the carrier protein for L7
The N-terminal 54 amino acids of L7 contain three potential nu-
clear localization signals, and we have previously shown that this
region can direct nuclear localization [2]. Using the GST-conju-
gated N54 peptide (Fig. 1A) as bait to pull down candidates from
HeLa cell extract, importin b3 was positively identiﬁed by anti-b3
antibody (Fig. 1B). Next, the human importin b3 gene was cloned
and expressed, allowing puriﬁcation to homogeneity (Fig. 1C).
The speciﬁcity of importin b3 towards L7 was assessed using an
overlay assay, and the result showed that importin b3 positivelytration-dependent binding of L7 to immobilized importin b3. (B) The corresponding
7 M.
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proteins, DN1, DN1+2 and DN1+2+3, which contained various
number of clusters (Fig. 1D). This indicates that importin b3 inter-
acted multifacetedly with L7 basic cluster, and allowed proteins to
undergo nuclear entry as reported previously [2]. A RanGTP release
experiment [12] revealed that the binding between importin b3
and the basic cluster is RanGTP dependent. This was evident from
the fact that the binding of importin b3 to GST-N54 was uncoupledFig. 3. The nuclear import of L7 in a digitonin-treated cell. (A) Nuclear import of
Alexa 555-conjugated L7 (555-L7) in the presence or absence of importin b3
(Impb3). (B) Nuclear import of 555-L7 with the cell lysate (555-L7+Lysate),
importin b3-depleted cell lysate (555-L7+Lysateb3), and importin b3-depleted cell
lysate that had been re-supplemented with importin b3 (555-L7+Lysateb3+Impb3).
Both broad (a) and detail view (b) are provided.by the presence of RanGTP, but not by that of RanGDP in a compe-
tition afﬁnity chromatography experiment (Fig. 1E).
3.2. The kinetics of L7 protein binding to the importin b3
Next, the interaction between L7 and importin b3 was assessed
using a resonant mirror biosensor IAsys, yielding a KD of
1.49  107 M (Fig. 2). This is about ﬁvefold less than the value
(KD = 7  107 M) for L7 binding to the ER membrane [10]. There-
fore newly synthesized L7 should preferentially interact with
importin b3 allowing nuclear import, and this obviously depends
on the availability and concentration of importin b3 in the cell
[16]. Nuclear import of L7 may greatly affect the cell’s homeostatic
balance, since if the import pathway were to be halted, L7 might
act extra-ribosomally, and perhaps induce apoptosis [5,8]. L7 and
other ribosomal proteins are often up-regulated in various cancer
cells [5–7]. In this regard, to counteract any homeostatic imbalance
caused by extra cytoplasmic ribosomal proteins, at least one report
[17] found that importin b1 was also over-expressed in cervical
cancer cells. This would permit normal nuclear import of the up-
regulated ribosomal proteins and allow the cancer cells to survive.
3.3. The nuclear import of L7 is importin b3-dependent
To clarify the role of importin b3 as a carrier protein for nuclear
import of L7, we carried out an ex vivo nuclear uptake assay using
digitonin-treated HeLa cells [13] and ﬂuorescently labelled L7. The
ﬂuorescence signal accumulated in the nucleoli (Fig. 3A) when L7
was co-incubated with recombinant importin b3 in digitonin-trea-
ted cells. This contrasted with the situation for L7 alone, where the
ﬂuorescence signal was only present to a limited degree in the
nucleoli (Fig. 3A). This weak signal is probably due to the digitonin
treatment as reported previously [13]. Nevertheless, when the im-
port experiment was carried out with a cell lysate prepared from
HeLa cells, the same heavy nuclear accumulation of ﬂuorescent
L7 signal was clearly observed (Fig. 3B). However, the nuclear ﬂuo-
rescence was reduced to a low level (Fig. 3B) when the lysate had
been pre-absorbed with anti-b3 antibody (Fig. 3B). More impor-
tantly, the ﬂuorescent L7 resumed active nucleolar accumulation
(Fig. 3B) when the importin b3-depleted lysate was supplemented
with recombinant importin b3. These results indicate that active
nuclear import of L7 is importin b3-dependent.
3.4. The basic clusters are essential for nuclear uptake
To assess the requirement for the basic clusters as functional
NLS, we introduced each cluster into constructs carrying three cop-
ies of green ﬂuorescent protein (EGFP)3 (Fig. 4A), which eliminates
the possibility of passive nuclear diffusion [18]. We found that the
N2, N3 and N4 clusters were capable of delivering the (EGFP)3 into
the nucleus (Fig. 4B), and that N1-(EGFP)3 and (EGFP)3 were re-
tained in the cytoplasm even 30 h post-transfection (Fig. 4B). This
suggests that the cluster N1 does not qualify as a NLS.
Next, FRAP assays [15] were used to determine the real time
rate of nuclear import governed by each basic cluster. By assessing
the real time import rate using the recovery rate t10% (Fig. 4C), pref-
erential nuclear import among the chimeric (EGFP)3 cargoes was
found. For example, one good case is the preferential nuclear im-
port of N4-(EGFP)3 over that of N2-(EGFP)3, which both provided
a steady ﬂuorescent intensity increase (Fig. 4D) and can be exam-
ined in a time lapse recording (see Movie in Supplementary data).
These results suggest that the real time rate of the nuclear im-
port is dictated by the sequence context of a NLS, and this is in
agreement with studies using the SV40 T-antigen NLS [19,20].
Since the FRAP assay is carried out in a living cell where the impor-
tin b concentration is known to be the rate limiting factor for
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uptake behaviors of the cluster-(EGFP)3 cargoes when the expres-
sion of importin b3 had been down regulated. This was carried
out using the siRNA knock-down approach. The results were rather
unexpected, since the import behavior of N2-, or the N3-(EGFP)3
cargo did not seem to be affected by the down regulation of
importin b3 (Fig. 5). In contrast, the knock-down of importin b3Fig. 4. Assessment of the role the basic clusters play for nuclear import of L7. (A) Constru
HeLa cell at 18, 24 and 30 h post-transfection. Bar = 10 lm. (C) The dynamic nuclear imp
images of N2-(EGFP)3 and N4-(EGFP)3 during a 12-min time course.had a great inﬂuence on the nuclear uptake of the N4-(EGFP)3 car-
go (Fig. 5). The result suggests that the interaction between the N4
cluster and importin b3 could play the major role in nuclear import
of L7, notwithstanding the fact that the other basic clusters
function as a NLS and each has a different rate of nuclear import.
Nevertheless, the common existence of a multiple NLS as repre-
sented by these clusters in L7 can not be ignored, and thereforects of chimeric (EGFP)3 cargoes. (B) Cellular localization observed in the transfected
ort observed in FRAP assay (I) and their rate expressed as 1/t10% (II). (D) Post-bleach
Fig. 5. Effects of importin b3 silencing on the nuclear import of cluster-(EGFP)3
cargoes. (A) The importin b3 siRNA silencing effect detected by Western blotting
using anti-b3 antibody. GAPDH was used as the control. (B) The silencing effect on
the nuclear import of N2-, N3-, and N4-(EGFP)3 cargoes. Bar = 10 lm.
4156 C.-W. Chou et al. / FEBS Letters 584 (2010) 4151–4156the importance of having such a cluster attached to L7 needs to be
explained. One possible answer is that these clusters are part of a
multifaceted interaction that ensures highly efﬁcient targeting of
L7 to the nucleus [2] and provide L7 with an advantage relative
to other proteins, namely preferentially nuclear import.Acknowledgments
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